Several studies show that transcription coactivators are often bi-functional ribonucleoprotein complexes that also regulate pre-mRNA processing and splicing decisions. Using sensitive sequence profile searches and structural comparisons we show that the C-terminal domain of the human coactivator protein ASC-1 defines a novel superfamily, the ASC-1 homology (ASCH) domain. The approximately 110 amino acid long ASCH domains are widely represented in all the three superkingdoms of life and several prokaryotic viruses. We show that the ASCH superfamily adopts a beta-barrel fold similar to the PUA domain superfamily. Using multiple lines of evidence, we suggest that members of the ASCH superfamily are likely to function as RNA-binding domains in contexts related to co-activation, RNAprocessing and possibly prokaryotic translation regulation. Structural analysis of ASCH domains reveals the presence of a potential RNA-binding cleft associated with a conserved sequence motif, which is characteristic of this superfamily. Despite their similar structure, the ASCH and PUA domains appear to occupy distinct functional niches, with the former domains typically occurring in a standalone form in polypeptides, and the latter domains showing fusions to a variety of RNA-modifying enzymes.
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INTRODUCTION
Systematic analyses of the proteins involved in RNA metabolism have suggested that despite the complexity of this system the majority of proteins are constructed from a relatively small set of conserved globular domains (For summary see (Anantharaman, et al., 2002) ). The phyletic profiles of these conserved domains derived from large-scale comparative analyses of genomes from the three superkingdoms of life show certain interesting features (Anantharaman, et al., 2002; Koonin and Mushegian, 1996) . Many of the RNA-binding domains, typically those present in ribosomal proteins, translation factors and tRNA and rRNA-modifying enzymes, are widely represented across the three superkingdoms of life. These appear to be ancient innovations, which were originally utilized in core RNA metabolism processes that are likely to have been already present in the last universal common ancestor (LUCA) of all cellular life forms. In some cases, a subset of these ancient domains also appear to have been secondarily recruited to many of the unique eukaryotic innovations such as splicing, post-transcriptional gene silencing, mRNA capping and polyadenylation, and nonsense mediated RNA decay (Anantharaman, et al., 2002; Clissold and Ponting, 2000) . Identification of these ancient RNA-binding domains have helped considerably in uncovering aspects of RNA-protein interactions that hold good across a wide range of biological functional contexts, and in clarifying the roles of uncharacterized conserved proteins from phylogenetically distant organisms (For example see: (Cerutti, et al., 2000; Fatica, et al., 2004; Ishitani, et al., 2002; Korber, et al., 1999; Reid, et al., 1999) ).
Given these antecedents, we were interested in the identification of any potentially novel ancient conserved domains that might throw light on poorly understood ribonucleoprotein complexes that have been identified in the cellular transcription apparatus. The activating signal cointegrator 1 or the thyroid hormone receptor interactor protein 4 (ASC-1/TRIP4) is a transcriptional coactivator that is widely conserved in eukaryotes and is part of a potential RNA interacting protein complex (Jung, et al., 2002; Kim, et al., 1999) . ASC-1 directly interacts with a wide range of unrelated transcription factors such as the serum response factor, NFκB, AP-1and nuclear hormone receptors, and has been shown to be part of a protein complex that bridges these specific transcription factors to the basal transcriptional apparatus (Jung, et al., 2002) . One of the proteins of this coactivator complex is an RNA helicase, while the other one has an RNA-binding KH domain fused to a 2H RNA phosphoesterase (Jung, et al., 2002; Mazumder, et al., 2002) . ASC-1 itself contains a conserved cysteine-rich Zn-chelating domain, which binds transcription factors (Jung, et al., 2002) and a conserved C-terminal domain which has thus far not been characterized.
Using sensitive sequence profile searches and structural comparisons we show that C-terminal domain of ASC-1 domain defines a superfamily of domains that is widely distributed across the 3 superkingdoms of the life. We show that this superfamily assumes a protein fold, which was originally observed in the RNA-binding PUA domain. Our findings suggest that this unique β-barrel fold, which is encountered both in the new superfamily of domains typified by the C-terminal domain of ASC-1 and the PUA superfamily, defines an ancient structural theme in RNA-protein interactions.
SYSTEM AND METHODS
The non-redundant (NR) database of protein sequences (National Center for Biotechnology Information, NIH, Bethesda) was searched using the BLASTPGP program (Altschul, et al., 1997) . Iterative sequence profile searches were done using the PSI-BLAST program either with a single sequence or an alignment used as the query, with a profile inclusion expectation (E) value threshold of 0.01, and were iterated until convergence (Altschul, et al., 1997) . For all searches with compositionally biased proteins, the statistical correction for this bias was employed (Schaffer, et al., 2001) . Multiple alignments were constructed using the T_Coffee program, followed by manual correction based on the PSI-BLAST results (Notredame, et al., 2000) . Hidden Markov Models (HMMs) were built from alignments using the hmmbuild program and searches carried out using the hmmsearch program from the HMMer package (Eddy, 1998). Protein secondary structure was predicted using a multiple alignment as the input for the JPRED and PHD programs (Cuff and Barton, 2000; Cuff, et al., 1998; Rost, et al., 1994) . Preliminary clustering of proteins was done using the BLASTCLUST program with empirically determined length and score threshold cut-off values (For documentation see ftp://ftp.ncbi.nih.gov/blast/documents/README.bcl). Previously known, conserved domains were identified using PSI-BLAST derived profiles with the RPS-BLAST program (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) (Schaffer, et al., 1999) . Structure similarity searches were conducted using the DALI program (Holm and Sander, 1995) . Structure manipulations and the construction of ribbon and surface diagrams were performed using the Pymol program (Delano, 2002) . Gene neighborhoods were obtained by isolating all conserved genes, in the neighborhood of the gene under consideration that showed a separation of less than 70 nucleotides between their termini. Genes fulfilling this criterion were considered likely to form operons. Gene neighborhoods were determined by searching the NCBI PTT tables (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Genome) with an in-house PERL script.
RESULTS AND DISCUSSION

Identification of the ASCH domain
The ASC-1 proteins from animals are relatively large proteins (around 580-650 amino acids), and the only characterized globular domain in them is a unique Znchelating domain with 7 cysteines and 1 histidine. This domain was shown to be critical for the interaction of ASC-1 with specific transcription factors and is likely to form a binuclear metal cluster chelating two Zn atoms (Jung, et al., 2002) . Given ) whose crystal structure has been determined (pdb id: 1wk2). All the sequences showed a highly conserved GxKxxxxR motif that they shared with the ASC-1 protein. At convergence, the search also retrieved several proteins with the GxKxxxxR motif with e-values of border-line significance (e > .01). In order to retrieve all possible homologs for a comprehensive analysis, we conducted transitive sequence profile searches seeded with several homologs of the ASC-1 protein, which were recovered in the above search. As a result, we recovered several additional significant hits from diverse species from all three superkingdoms, and proteins whose structures have been determined as part of various structural genomics project (e<10 -2 ) such as the uncharacterized proteins YqfB (pdb:1TE7) from Escherichia coli, PF0455 (pdb: 1S04)
from P.furiosus, and EF3133 (pdb: 1T62) from Enterococcus faecalis (Fig. 1 ). Some these proteins had been classified into separate families of domains of unknown function, DUF437, DUF984 and DUF1530, in the PFAM database (Bateman, et al., 2004) .
The sequence affinities between the proteins recovered in the above searches were also independently corroborated by searches with HMMs derived using a seed alignment of the originally detected set of ASC-1 homologs. Furthermore, comparisons of the predicted secondary structures for different sub-groups of these homologous domains with the above-mentioned proteins with X-ray or NMR structures showed complete congruence, indicating that these 103-120 amino acid long domains define a novel monophyletic superfamily ( Fig. 1) . We refer to this superfamily, containing over 180 distinct representatives in the NR database from viruses and cellular organisms belonging to all three superkingdoms of life, as the ASC-1-homology (ASCH) superfamily. Structure similarity searches with members of the ASCH superfamily showed that it contains a fold, which was previously noted in the PUA domain ( Fig. 2 ) (DALI Z-scores 4.5-6). For example, DALI searches with the Thermus TTC18981 protein (pdb id: 1wk2) retrieved the PUA domains from pseudouridine synthase (pdb id: 1k8w, Z score: 4.8), ATP sulfurylase (1g8f, Z score:
4.8) and Archaeosine tRNA-guanine transglycosylase (1k8w Z score: 3.6) in addition to the bona fide ASCH proteins derived from structural genomics projects (pdb ids:
1t62, 1xne, 1zce, 1t5y, 1nxz; Z scores: 4.6-5.8). The PUA domain is an ancient RNA-binding domain, which is fused to the catalytic domains of a variety of RNAmodifying enzymes such as pseudouridine synthetases of the TruB family, the archaeosine transglycosylase, Rossmann fold methylases, YggJ-type SPOUT domain RNA methylases and thiouridine synthases, and also occurs as stand-alone forms (Anantharaman, et al., 2002; Aravind and Koonin, 1999; Forouhar, et al., 2003) .
However, PUA domains were not recovered in any of the sequence profile searches seeded with the ASCH domain or vice-versa, suggesting that these two classes of domains form distinct sequence superfamiles, despite them sharing a common fold.
We propose that the fold be renamed the PUA-ASCH fold to reflect the two distinct superfamilies of the fold. The ASCH domains contain a conserved core of 5 strands that form a β-barrel, and a characteristic helix between strand-1 and strand-2 (Fig.   2 ). Additionally, most versions of the ASCH domain, unlike the majority PUA domains, contain a long insert between strand 4 and 5 that usually forms two or more helical segments (Fig. 2) . In terms of sequence conservation, the most characteristic feature of the ASCH superfamily is a GxK motif (where x is any amino acid) that is found in the distinctive turn between the core helix and strand-2 ( Fig. 1,   2 ). Members of the ASCH superfamily also contain a highly conserved polar position, two residues downstream of this GXK motif, which is typically occupied by either glutamate or threonine ( Fig.1, 2 ).
Predicted functions of members of ASCH superfamily
In order to obtain functional insights regarding members of the ASCH superfamily, we used the combined evidence gleaned from different forms of contextual connections, namely physical interactions, gene fusions and conserved operons. In different Gram-positive bacteria such as Mycoplasma, Ureaplasma and Lactococcus lactis, members of the ASCH superfamily are embedded or associated with the ribosomal protein operon (Fig. 1) . Specifically, in M.penetrans the ASCH domain is fused to the ribosomal protein S3, whereas in U.parvum it is fused to ribosomal protein L22 (Fig. 2) . Other members of the ASCH family are also found tightly linked with genes encoding RNA-binding proteins with RRM (e.g. in Acinetobacter, gene ACIAD0497) or R3H (e.g. Listeria, gene lmo2852) domains, implying that they are co-transcribed and probably functionally cooperate. These associations with ribosomal and RNA-metabolism proteins are consistent with the physical interactions of the vertebrate ASC-1 with proteins involved RNA processing and the potential requirement for RNA-protein interactions for transcriptional co-activation by the ASC-1 containing complex (Jung, et al., 2002) . A study of the available structures of four distinct members of the ASCH superfamily indicates that they contain a prominent cleft, whose scaffold is formed by the conserved helix and the downstream strand-2 (Fig. 2, 3 ). The above-described conserved residues of the ASCH superfamily, like the lysine from the GXK motif, and other polar residues associated with strand-2, line this cleft forming a positively charged surface (Fig. 3) . A similarly positioned cleft has been observed in the structures of the PUA domain found in the Archaeosine tRNA-guanine transglycosylase, Pseudouridine synthase II TruB and the predicted RNA methylase (Hoang and Ferre-D'Amare, 2001; Ishitani, et al., 2002; Pan, et al., 2003) , and is likely to form its RNA-binding surface. Taken together the above observations suggest that the ASCH domains are likely to possess RNA-binding activity.
Over the past few years a number of studies have shown that coactivator complexes are often bi-functional proteins that not only co-activate transcription mediated by specific transcription factors, like nuclear hormone receptors, but also participate in pre-mRNA processing (Auboeuf, et al., 2004; Dowhan, et al., 2005; Maniatis and Reed, 2002) and regulation of splicing. Furthermore, a regulatory pseudouridylated RNA termed the steroid receptor coactivator RNA (SRA), together with specific RNAbinding proteins with which it interacts, have been shown to be a part of coactivator complexes that couple nuclear hormone receptors to the basal transcription machinery (Lanz, et al., 1999; Shi, et al., 2001; Zhao, et al., 2004) . Given these observations, it is likely that the ASCH domain mediates some of the interactions between RNA and the ASC-1 coactivator complex. Its RNA partner could either be the pre-mRNA generated from the transcription of its target genes or a regulatory RNA like SRA. The association with the ribosomal proteins might indicate that some of the prokaryotic versions might be involved in translational regulation.
The prokaryotic and phage ASCH domains, with a few exceptions, occur as standalone versions (Fig. 1 ), which are encoded by genes in predicted co-transcribed arrays containing a wide variety of other genes. In several of these cases they are found adjacent to a gene encoding a helix-turn-helix protein, which is the transcriptional regulator of the predicted operon (Fig. 1) . In Brucella an ASCH domain is fused to a cI-like HTH domain within the same polypeptide (Fig. 2) . These associations suggest that solo ASCH proteins of prokaryotes functionally cooperate with transcription regulators, probably by binding the transcripts generated from particular operons, and thereby regulate their expression.
Evolutionary diversity of ASCH domains and general conclusions
The ASCH superfamily encompasses considerable diversity and can be sub-divided into several families that are unified by specific sequence signatures. The ASC-1 proper family is typified by a unique insert between strand-3 and strand-4. It is present in animals (two paralogous versions, with and without a fusion to the Znchelating domain are seen in vertebrates, respectively typified by human ASC-1 and LOC541578; Fig. 1 prokaryotes that gave rise to eukaryotic ASC-1 appears to have happened after the divergence of the basal eukaryotic lineages like Giardia, followed by a fusion to the above-mentioned standalone unit. This was followed by losses of the ASCH domain in crown group eukaryotes, such as in the fungi. In addition to the emergence of ASC-1, there appear to have been independent sporadic transfers of other prokaryotic ASCH family members to specific lineages of crown group eukaryotes (Fig. 1) .
In terms of phyletic patterns, the PUA domains can be confidently traced back to the LUCA of all cellular life forms. The ancient versions of the PUA domain include those fused to key RNA metabolism enzymes such as the pseudouridine synthetase which are conserved in all the three superkingdoms of life (Anantharaman, et al., 2002; Hoang and Ferre-D'Amare, 2001 ). In the case of the ASCH domain no single family is conserved across the 3 superkingdoms of life, making it unclear whether it was present in LUCA. However, its broad phyletic range in the prokaryotes suggests that the ASCH domain emerged very early in the evolution of the prokaryotic superkingdoms. It is however not universally represented in all prokaryotic genomes and has been lost in some eukaryotes such as the fungi. This suggests that they are likely to belong to the more easily dispensable regulatory apparatus rather than the core aspects of RNA metabolism. No ASCH domain occur as multiple repeats in the same polypeptide unlike many other RNA binding domains such as the KH or the RRM domains. This suggests that it is likely to form single isolated contacts with specific features on RNA rather than extended multi-site contact with long RNA molecules. Furthermore, unlike the structurally similar PUA domains, which typically occur in multi-domain proteins fused to other RNA modifying or interacting domains (Anantharaman, et al., 2002; Aravind and Koonin, 1999; Forouhar, et al., 2003) , the ASCH domains typically occur as the sole globular domain in the polypeptide (Fig. 1,   2 ). The conserved residues on the surface of the predicted cleft are also distinct in the PUA and ASCH superfamilies, suggesting that they bind very different types of target RNAs. The PUA domain appears to have mainly colonized core functional niches related to rRNA and tRNA modification, while the ASCH domains appear to have to been recruited to a distinct set of functional niches, including transcription co-activation and regulation of translation. Thus, the ASCH and PUA domains appear to have emerged from a common RNA-binding precursor and subsequently diversified to perform distinct functional roles, probably as result of the diversification of their binding clefts.
Supplementary material
A complete of alignment of all ASCH domains in the NR-database and other domains found fused to the ASCH are provided as text files. 
